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The adverse respiratory effects of agricultural dust inhalation are mediated in part by
endotoxin, a constituent of gram-negative bacterial cell walls. This study quantified personal
work-shift exposures to inhalable dust, endotoxin, and its reactive 3-hydroxy fatty acid
(3-OHFA) constituents among workers in grain elevators, cattle feedlots, dairies, and on corn
farms. Exposures were compared with post-work-shift nasal lavage fluid inflammation markers
and respiratory symptoms. Breathing-zone personal air monitoring was performed over one
work shift to quantify inhalable dust (Institute of Medicine samplers), endotoxin (recombinant
factor C [rFC] assay), and 3-OHFA (gas chromatography/mass spectrometry). Post-shift nasal
lavage fluids were assayed for polymorphonuclear neutrophils (PMN), myeloperoxidase
(MPO), interleukin 8 (IL-8), albumin, and eosinophilic cation protein (ECP) concentrations.
The geometric mean (GSD) of endotoxin exposure (rFC assay) among the 125 male partici-
pants was 888 ± (6.5) EU/m3, and 93% exceeded the proposed exposure limit (50 EU/m3).
Mean PMN, MPO, albumin, and ECP levels were two- to threefold higher among workers in the
upper quartile of 3-OHFA exposure compared to the lowest exposure quartile. Even numbered
3-OHFA were most strongly associated with nasal inflammation. Symptom prevalence was
not elevated among exposed workers, possibly due to endotoxin tolerance or a healthy
worker effect in this population. This is the first study to evaluate the relationship between
endotoxin’s 3-OHFA constituents in agricultural dust and nasal airway inflammation. More
research is needed to characterize the extent to which these agents contribute to respiratory
disease among agricultural workers.
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Organic dust inhalation in agricultural
work environments has been associated with
adverse respiratory responses that acutely
induce organic dust toxic syndrome (ODTS),
and chronically contribute to the development
of asthma and asthma-like syndrome, and
chronic obstructive airway disease (Linaker &
Smedley, 2002; Rushton, 2007; Rylander,
2006; Seifert et al., 2003; Spurzem et al., 2002).
Endotoxins are comprised of lipopolysaccha-
rides that are components of gram-negative
bacterial cell walls (Mayeux, 1997; Gutsmann
et al., 2007; Rylander, 2006; Thorn, 2001).
These agents are a common constituent of
agricultural dusts and contribute significantly to
the pathogenicity of inhaled agricultural partic-
ulates (Rushton, 2007; Rylander, 2006; Seifert
et al., 2003; Thorn, 2001). Endotoxin inhala-
tion elicits a potent innate immune response
resulting in increased concentrations of cellular
and soluble mediators of airway inflammation,
as well as increased respiratory symptomatol-
ogy and changes in quantitative measures of
pulmonary function (Linaker & Smedley, 2002;
Spurzem et al., 2002; Thorn, 2001). Adverse
responses to inhaled endotoxin contribute to
the relatively high lifetime prevalence of lung
disease observed among agricultural workers
(∼6–15%, versus ∼2–3% in nonfarming com-
parison populations) (Linaker & Smedley,
2002; Spurzem et al., 2002). Some agricultural
workers exhibit heightened susceptibility to
organic dust’s respiratory effects (Castellan et al.,
1987; Dosman et al., 2006; Kline et al., 1999;
Schwartz, 2002), resulting in self-selection of
some workers out of these occupations. Other
workers may develop endotoxin tolerance
(Broad et al., 2006; Hoffmann et al., 2005;
Von Essen & Romberger, 2003), and these fac-
tors are thought to contribute, at least in part,
to a previously described “healthy worker”
effect among agricultural occupations (Bakirci
et al., 2006; Post et al., 1998; Rushton, 2007).
The mechanisms underlying heightened
endotoxin susceptibility or the development of
tolerance remain to be determined but likely
involve both intrinsic (genetic traits, immune
system regulation) and extrinsic factors (work-
related behaviors, exposure control processes,

dust composition). A better understanding of
how these factors contribute to the develop-
ment of adverse respiratory outcomes is needed
to optimize disease prevention efforts.

Few guidelines have been established to
prevent the adverse effects of agricultural dust
inhalation. The American Conference of Gov-
ernmental Industrial Hygienists (ACGIH) has
recommended threshold limit values (TLV) for
total dust (10 mg/m3) and grain dust (4 mg/m3,
for oat, wheat, and barley) (ACGIH, 2007),
although the total dust guideline does not
account for the biological activity of airborne
agricultural particulates. There is currently no
workplace standard specifically for endotoxin
exposure, although a limit of 50 endotoxin
units (EU)/m3 as an 8-h time-weighted average
(TWA) was suggested (Heederik & Douwes,
1997). A total dust exposure guideline of
2.4 mg/m3 was recommended to prevent
occupational health effects among workers in
swine and poultry production facilities (Donham
et al., 1995; 2000, 2002; Reynolds et al.,
1996), and the recommended limits for total
endotoxin exposures in these work environ-
ments are 614 EU/m3 and 900 EU/m3, respec-
tively (Donham et al., 1995;, 2000; Reynolds
et al., 1996). These guidelines are based on
37-mm cassette total dust samplers and need
to be adjusted for comparison to the Institute of
Medicine (IOM) inhalable sampler (Reynolds
et al., 2009). The acute respiratory effects of
endotoxin in other agricultural settings, such as
dairies and feedlots, have not been well char-
acterized and no endotoxin-specific exposure
guidelines have been developed for these
work environments.

The biologically active component of
endotoxin, lipid A, is populated by hydroxy-
lated fatty acids of varying carbon chain lengths
(Mayeux, 1997; Gutsmann et al., 2007; Larsson,
1994). Endotoxin’s 3-hydroxy fatty acid
(3-OHFA) moieties can be quantified in agri-
cultural particulate matter via a sensitive and
specific gas chromatography/mass spectrometry
(GC/MS) method (Pomorska et al., 2007;
Reynolds et al., 2005). These agents serve as
reliable chemical markers of endotoxin in
airborne agricultural dusts, and air monitoring
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using this procedure in heterogeneous work
environments may have advantages over other
endotoxin assays currently in use (Laitinen et al.,
2001; Reynolds et al., 2005). Agricultural dust
is a complex mixture of organic and nonor-
ganic substances, and some dust constituents
may interfere with existing endotoxin assays
(Dehus et al., 2006; Laitinen et al., 2001;
Reynolds et al., 2005). The GC/MS measures
of 3-OHFA may therefore provide more accu-
rate information about the chemical composi-
tion and biological activity of endotoxins.
However, few studies have characterized the
relationship between 3-OHFA endotoxin con-
stituents and airway inflammation among
workers in different agricultural settings. In this
study, personal exposure to inhalable airborne
dust was quantified over one work shift among
grain elevator, cattle feedlot, corn farm, and
dairy workers. Endotoxin in personal airborne
dust samples was measured using the recombi-
nant factor C (rFC) assay, as well as a modified
GC/MS procedure that quantified endotoxin’s
3-OHFA constituents (Saito et al., 2009). Rela-
tionships between each endotoxin exposure
measure, post-shift respiratory symptoms, and
nasal lavage fluid inflammation markers were
then examined to determine whether the
3-OHFA markers are a more sensitive indicator
of inflammatory airway responses among agri-
cultural workers than the rFC or inhalable dust
measures.

SUBJECTS AND METHODS

The study population was comprised of
agricultural workers in Colorado and Nebraska.
In northeastern Colorado, flyers describing the
study were distributed to facilities in the study
region through collaborations with local agri-
cultural organizations. Facility owners and
operators were contacted to solicit managerial
cooperation, and workers were recruited
through group meetings at participating facili-
ties. In Nebraska, all persons working at grain
elevators and on cattle feedlots in a county in
eastern Nebraska, or employed at four grain
elevators owned by a major grain marketer and
agricultural supplier in central Nebraska, were

invited to participate in this study. The study
received institutional review board approval
and all participants provided informed consent
in either English or Spanish. Study participation
was completed over one work shift and included
completion of a questionnaire to ascertain
demographic and work-related information as
well as post-shift respiratory symptoms; full-
shift personal monitoring of airborne inhalable
dust, endotoxin, and 3-OHFA concentrations;
and collection of one post-shift nasal lavage
fluid sample for quantification of the follow-
ing inflammation measures: myeloperoxidase
(MPO), interleukin 8 (IL-8), albumin, eosino-
phil cation protein (ECP), and differential white
blood cell counts. Data were collected
between the spring of 2005 and fall of 2006.

Personal breathing zone samples for inhal-
able particulate matter were collected using
(IOM) sampling cassettes and 25mm PVC
filters with a 5-μm pore size (SKC, Eighty Four,
PA). Inhalable particles were defined as those
collected with a median cutpoint of 100 μm in
aerodynamic diameter (50% collection effi-
ciency) (ACGIH, 2007). Personal sampling
pumps (MSA, Pittsburgh, PA) were calibrated
to a flow rate of 2 L/min, and calibrations were
rechecked following each shift. Inhalable dust
samples were analyzed by weighing the internal
cassette and filter as a single unit using a Mettler
MT5 balance (Mettler-Toledo, Columbus, OH).
The internal cassette and filter assembly were
dessicated as a unit pre- and post-weighing.
Field and laboratory blanks were analyzed in a
similar manner.

Each dust sample was extracted in sterile,
pyrogen-free water containing 0.05% Tween-20
for 1 h at room temperature (22°C) with con-
tinuous shaking. A portion of each extract was
analyzed for endotoxin using the rFC assay
(Cambrex, East Rutherford, NJ) (Alwis & Milton,
2006), and another portion was lyophilized
and stored at –70°C for determination of
3-OHFA endotoxin constituents via a GC/MS
method modified for these environments
(Saito et al., personal communication). The rFC
endotoxin assay measures fluorescence gener-
ated by the enzymatic cleavage of a peptide–
coumarin substrate (Alwis & Milton, 2006).
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Twofold serial dilutions of endotoxin standards
and sample extracts were added to a 96-well
plate followed by 100 μl mixture of enzyme,
buffer, and fluorogenic substrate. The plates
were incubated at 37°C for 1 h and fluores-
cence quantified by a microtiter plate reader
(Biotek Instruments FLX800TBIE, Winooski,
VT) at excitation/emission frequencies of 380/
440 nm. Log fluorescence was proportional to
log endotoxin concentration and was linear
from 0.01 to 10 EU/ml. Four assay reagent
blanks were used to control for the pyrogen-
free status of the reagent water, centrifuge
tubes, pipette tips, and microplates. Quality
assurance assays were performed at multiple
dilutions with and without spikes to assess
matrix interference or enhancement. Initially,
at least three dilutions were used to identify
the expected range for each sample. Samples
were then assayed at two dilutions, in triplicate.
Results from different dilutions were examined
for inconsistencies and none were observed at
the final dilutions used in the assay. The mini-
mum detection limit was ∼0.01 EU/ml.

To quantify 3-OHFA, a GC/MS-MS
method developed for house dust (Saraf &
Larsson, 1996; Saraf et al., 1997, 1999;
Sebastian & Larsson, 2003) was modified
using a gas chromatography/electron impact
mass spectrometry (GC/EI-MS) method to
accommodate the small amounts (<1 mg) of
agricultural dust collected via personal air
monitoring for this study (Saito et al., 2009).
Samples and standards derivatized with N,O-
bis(trimethylsilyl) trifluoroacetamide (BSTFA)
were analyzed using an HP 5890 Series II Plus
gas chromatograph equipped with an HP-5MS
column (0.25 mm × 30 m, 0.25 μm film thick-
ness, Hewlett-Packard, Palo Alto, CA), and an
HP 5972 Mass Selective Detector. Selected ion
monitoring was used for individual 3-OHFA,
and results were quantified in picomoles.
Calibration was accomplished via laboratory-
fortified matrix blanks at anticipated 3-OHFA
concentrations in dust samples (Saito et al.,
personal communication). The limit of detec-
tion (LOD) and the limit of quantitation (LOQ)
were determined by signal-to-noise (S/N) ratio
based on the chromatograms of controls and

0.5- and 1-ng spikes (S/N > 3 for LOD and S/N
> 10 for LOQ) (Mac Dougull, 1980).

Structured, self-administered question-
naires were completed in Spanish or English
before and after each participant’s work shift in
order to ascertain information on individual
demographic and lifestyle factors (age, socio-
economic status, race/ethnicity, tobacco and
alcohol consumption, medication use, farm as
residence), job and workplace characteristics
(job title and work duration, frequency and
duration of work on farms and in grain elevators),
potential workplace exposure to hazardous or
toxic substances (visible dust, metal fumes,
gases/vapors, pesticide use, respirator use), and
respiratory health (allergies, asthma, chronic
bronchitis, emphysema, lung cancer, cold/flu,
sinus problems, pneumonia, anosmia). Ques-
tions used to characterize ODTS were also
based on a previously developed instrument
(Rylander et al., 1990). Chronic respiratory
symptoms (cough, phlegm, wheezing, short-
ness of breath, nasal irritation, fever/chills)
were ascertained using questions from the
American Thoracic Society’s standardized
instrument (Ferris, 1978). The severity of each
participant’s post-work-shift respiratory symp-
toms (eye, nose, or throat irritation; shortness
of breath; phlegm; headache; wheezing;
cough) was assessed using a five-level nominal
scale (none, mild, moderate, severe, very
severe). The Spanish translation of this ques-
tionnaire was pilot tested among Spanish-
speaking agricultural workers prior to use in
the study.

A nasal lavage fluid sample was collected
at the end of each participant’s work shift using
a previously described protocol (Naclerio et al.,
1983; Saito et al., 2009). Pre-shift nasal lavages
were not performed because cross-shift com-
parisons of lavage constituents are susceptible
to artifact (Hauser et al., 1994). To collect post-
shift samples, a 5-ml volume of normal (0.9%)
saline was instilled into each nostril of a seated
subject with the person’s neck extended back.
Subjects were instructed not to breathe or
swallow. After 10 s, subjects flexed their neck
forward approximately 30° from horizontal
to expel the saline into a sterile container.



ENDOTOXIN EXPOSURE AND INFLAMMATION MARKERS 9

Specimens were kept on ice for no longer than
30 min, transferred to 50-cc centrifuge tubes,
and centrifuged at 1500 rpm for 10 min at
room temperature. The supernatant fluid was
then divided into 1-ml aliquots and kept on ice
until frozen at –70ºC. The cell pellet was resus-
pended in 30 ml Cytolyte mucolytic preserva-
tive solution (Cytyc Corp., Marlborough, MA).
These samples were shipped via express mail
to the National Institute for Occupational
Safety and Health (NIOSH) Bio-Organic
Chemistry Laboratory, where they were centri-
fuged at 600 × g for 10 min, and the cell pellet
was resuspended in 20 ml PerservCyt (Cytyc
Corp., Marlborough, MA, ISO registration: FM
503552) and stored at 4°C. Cytology slides
were prepared using the ThinPrep instrument
(Cytyc Corp., Marlborough, MA), and the
amount of sample not transferred to the cytol-
ogy slide was measured and recorded. Each
slide was stained with the Diff-Quick stain kit
(Lmeb, Inc., San Marcos, CA). The nasal lavage
cell numbers and differentials were evaluated
in 20 visual microscopic fields under oil
(500×). The cell numbers were adjusted for
total cell spot area and percent of nasal lavage
sample transferred onto the microscope slide
to provide cell number per nasal lavage.

Frozen nasal lavage fluid supernatants
were shipped on dry ice to the NIOSH Bio-
Organic Chemistry Laboratory. All samples
arrived frozen, were transferred into a –80ºC
freezer until analysis, and did not undergo
repeated freeze–thaws. Lavage supernatants
were analyzed using commercially available
immunoassay kits in accordance with each
manufacturer’s standardized assay protocol.
The following inflammation marker proteins
were quantified: myleoperoxidase (MPO; Assay
Designs, Inc., Ann Arbor, MI); ECP (Phadia,
Portage, MI, formerly Pharmacia CAP System,
Pharmacia Diagnostics, Uppsala, Sweden);
albumin (Bethyl Laboratories, Montgomery,
TX); and interleukin-8 (IL-8; R&D Systems,
Minneapolis, MN) (Gaughan et al., 2008;
Woodin et al., 1998). These assays were previ-
ously evaluated for interferences by nasal lavage
constituents and none were observed. All sam-
ples for a single analyte were assayed as a

batch using the same kit to avoid lot to lot vari-
ability. ECP and IL-8 were assayed undiluted.
For MPO and albumin, lavage fluid was initially
diluted with assay buffer 10-fold and 100-fold,
respectively. When required, samples were
diluted with their respective assay diluent and
re-analyzed to achieve analyte concentrations
within the quantitative range of the assay.
Samples with inflammation marker concentra-
tions that were not quantifiable were assigned
a value of one-half the limit of quantification.
The limits of quantification were 500 pg/ml,
630 pg/ml, 1.6 pg/ml, and 6.25 ng/ml for ECP,
MPO, IL-8, and albumin, respectively.

Statistical analyses were performed using
the SAS computer program (version 9.1, SAS
Institute, Inc., Cary, NC). Endotoxin and 3-OHFA
concentrations were normalized either to the
total amount of dust sampled (EU/mg or
pmol/mg, respectively) or to the volume of air
sampled (EU/m3 or pmol/m3, respectively).
Analyses were performed separately for the
sum of all 3-OHFA constituents measured and
for the sum of the even- or odd-numbered
3-OHFA. Results for the C16:0 3-OHFA were
excluded from the analysis due to assay inter-
ference and because 61 of 125 samples (49%)
had undetectable C16:0 levels. Exposure and
inflammation marker variables were analyzed
using log-transformed data; back-transformations
were performed for tabular presentation of
geometric mean values. To evaluate respiratory
symptoms, individuals were grouped according
to the presence (any severity score ≥1) or
absence of each post-shift symptom, and the
generalized linear models (GLM) procedure in
SAS was used to compare mean dust, endot-
oxin or inflammation marker levels within each
group. The proportions of individuals with
post-shift respiratory symptoms among quar-
tiles of work-shift dust or endotoxin exposure
were also computed, and proportions in the
first and fourth quartile were compared using
the Mantel–Haenzel chi-squared test statistic.
The proportion of symptoms among those with
exposures above or below potential thresholds
previously suggested by other investigators,
namely, 300 EU/m3 (25 ng/m3) (Laitinen et al.,
2001) and 2400 EU/m3 (200 ng/m3) (Rylander,
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1997), were evaluated similarly. Relationships
among inflammation markers or among expo-
sure measures were evaluated by calculating
Spearman rank correlation coefficients (r). The
relationship between various participant or
workplace characteristics and mean inflamma-
tion marker concentrations was evaluated by
computing mean concentrations among workers
grouped at each level of a given characteristic
with the GLM procedure; differences between
means were compared using the least signifi-
cant difference (LSD) method.

To test the hypothesis that workplace
inhalable dust, endotoxin, or 3-OHFA exposure
was associated with increased inflammation
marker concentrations in nasal lavage fluids,
individuals were grouped into dust or endotoxin
exposure quartiles, and the GLM procedure
was used to compute adjusted (least squares or
LS) means of inflammation marker concentra-
tions within each quartile. A two-stage variable
selection procedure was used to identify ques-
tionnaire items associated with each exposure
parameter for inclusion in the statistical models
as potential confounding factors. First, items
were univariately compared with each exposure
measure using the GLM procedure. Next, all
variables associated with a given exposure vari-
able (p ≤ .1) were combined in a single model,
and backward elimination was used to identify
a final list of covariates (p ≤ .05). The GLM
procedure was then used to combine these
variables along with an exposure measure in a
statistical model, and adjusted means of
inflammation markers in the upper and lower
exposure quartiles were compared using the
LSD method. To test for linear trend, each
exposure parameter was evaluated as a contin-
uous variable in separate GLM analyses, with
adjustment for the selected covariates. Effect
modification was assessed by stratifying workers
within each exposure quartile into groups
above and below the median of another expo-
sure variable obtained via the questionnaire.
These analyses focused on items potentially
linked with chronic exposure to organic dust
(work duration in current job; frequency or
duration of work on farms or in grain elevators/
corn storage areas). Adjusted means were

calculated within each stratum of exposure
and means in the lowest and highest exposure
quartiles were compared statistically, as
described above. Means from the upper expo-
sure quartiles were also compared across the
strata of each chronic exposure parameter
using the same methods.

RESULTS

There were 174 participants from 26 work
sites originally recruited into the study; approx-
imately 350 workers were contacted and the
participation rate was approximately 50%.
Relationships between personal endotoxin
exposures and post-shift nasal lavage inflam-
mation markers or symptoms were evaluated
among 125 men with complete data available
for analysis (18 subjects without a nasal lavage
sample, 27 subjects without personal air moni-
toring data, 4 females excluded due to small
group size). Characteristics of the study popu-
lation are presented in Table 1. The average
(± standard deviation) age was 34 ± 11 yr, and
most participants were Caucasian (70%) and
non-Hispanic (58%). The study population
included 46 grain handlers (37%), 55 cattle
feedlot workers (43%), 15 dairy workers (12%),
and 9 corn farmers (8%) (Table 1). The average
duration of employment (in current job) was
7 ± 8.5 yr.

Inhalable dust concentrations were moder-
ately correlated with endotoxin or 3-OHFA
measures in air (r = approximately .4 to .6),
were uncorrelated with endotoxin concentra-
tions in dust (EU/mg, r = .07), and were
weakly negatively correlated with 3-OHFA
concentrations in dust (r = –.2 to –.5). There
were moderate positive correlations between
endotoxin (rFC) and 3-OHFA measures (r = .5
to .7), and correlation coefficients for relation-
ships between even and odd 3-OHFA
measures were approximately .7.

An exposure guideline of 2.4 mg/m3 for
total dust corresponds to an occupational
exposure guideline of approximately 4.8 mg/m3

for studies using IOM samplers in these environ-
ments (Reynolds et al., 2009). The geometric
mean time-weighted average (TWA) for
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inhalable dust exposures among all partici-
pants was 3.4 mg/m3 (geometric standard devi-
ation [GSD] = 3), and the recommended
inhalable dust guideline (4.8 mg/m3) was
exceeded among approximately 33% of partic-
ipants. The geometric mean TWA of endotoxin
exposure among all participants was 888 (6.5)
EU/m3, and the suggested endotoxin exposure
limit (50 EU/m3) was exceeded by 93% of the
study participants. Swine and poultry produc-
tion facilities were not included in this study,
but for comparison the recommended limits
for total endotoxin exposure in these work
environments (Donham et al., 1995, 2000,
2002; Reynolds et al., 1996) were exceeded
by 47% and 37% of the study subjects, respec-
tively. Table 2 presents geometric mean TWA
concentrations of personal dust, endotoxin,
and total, even-numbered, and odd-numbered
3-OHFA exposure measures, along with mean
even:odd 3-OHFA ratios by work facility.
Grain elevators had the highest levels of inhal-
able dust and the highest even:odd 3-OHFA
ratios. Note that the rank ordering among the
facilities differs with respect to the dust,
endotoxin, and 3-OHFA measures.

Among the cellular subsets that were quan-
tified for differential cell counts, only polymor-
phonuclear neutrophils (PMN) were detected
in sufficient quantities to allow statistical com-
parisons (n = 9 samples below detection). The
nondetection rates for lymphocytes, mono-
cytes, eosinophils and basophils were 66%,
89%, 89%, and 100%, respectively. Correla-
tions among the nasal lavage inflammation
markers are presented in Table 3. ECP was
moderately correlated with each of the other
inflammation markers, and IL-8 was modestly

TABLE 1. Population Characteristics (n = 125)

Characteristic n Percentage

Age distribution
18–24 years 37 29%
25–40 years 57 46%
41–72 years 31 25%

Race
Caucasian 87 70%
Native or Mexican American 32 26%

Ethnicity
Hispanic or Latino 43 34%
Not Hispanic or Latino 73 58%

English education
None 35 28%
Primary/secondary only 1 1%
High school 45 36%
College 44 35%

Spanish education
None 90 72%
Primary/secondary 33 26%
High school or college 2 2%

Tobacco use
Never 64 51%
Former 13 10%
Current: 47 38%

Daily cigarette/cigar smoker 31 25%
Daily chew/snuff use only 16 13%

Job status
Owner/family member 22 18%
Local hire 85 68%
Seasonal or temporary worker 17 14%

Type of facility
Grain elevator 46 37%
Cattle feedlot 55 43%
Dairy 15 12%
Corn farm 9 8%

Respirator use
Respirator with filters 5 4%
Dust mask/surgeon’s mask 14 11%
Bandana/scarf 0 0%
None of the above 103 84%

Job duration
<1 yr 14 11%
1.0–3.9 yr 47 38%
4.0–7.9 yr 28 22%
≥8 yr 34 27%

Subject resides at the work site
Yes 24 19%
No 101 81%

Subject lives on a farm
Yes 45 36%
No 78 62%

Livestock kept at work site
Yes 75 60%
No 49 39%

Post-shift symptoms
Eye irritation 41 33%
Nose irritation 42 34%
Throat irritation 23 18%

(Continued)

TABLE 1. (Continued)

Characteristic n Percentage

Mucous or phlegm 42 34%
Shortness of breath 14 11%
Headache 12 10%
Chest wheezing or whistling 8 6%
Cough 33 26%

Note. Percentages totaling <100% are due to refusals or miss-
ing data.
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correlated with PMN and albumin (Table 3).
MPO was not correlated with IL-8 or albumin,
and only weakly correlated with PMN (Table 3).

Table 4 presents unadjusted mean inflam-
mation marker concentrations for various char-
acteristics of the study population. Mean MPO
levels were greater among Caucasians and
non-Hispanics and rose with increasing age,
job duration, or duration of farm work. Mean
MPO was also markedly greater among partici-
pants reporting home pesticide use within the
past month (117 vs. 35 pg/ml, Table 4). Nasal
lavage fluid IL-8 concentrations were elevated
among workers in cattle feedlots, dairies, and
corn farms compared to those working in grain
elevators; among workers with a longer dura-
tion of farm work; and among those located at
work sites where livestock was kept (242 vs.
153 pg/ml, Table 4). Mean IL-8 levels were
more than doubled among those who applied
Vaseline or water to their noses to reduce dust
exposures or ameliorate nasal irritation com-
pared to those who didn’t (419 vs. 199 pg/ml,
Table 4). An increased frequency or duration
of work in grain elevators or corn storage
areas was associated with a reduction in IL-8

concentrations (Table 4). A similar pattern of
reductions in mean albumin levels was
observed among workers with an increased
frequency but not duration of grain elevator or
corn storage work (Table 4). Mean albumin
levels were greater among Caucasians and
non-Hispanics, and among those with an
increased frequency or duration of farm work
(Table 4). ECP concentrations tended to rise
with longer job duration or with a greater
frequency or duration of farm work (Table 4).

There were no statistically significant
changes in post-work-shift symptom preva-
lence (eye, nose, or throat irritation; shortness
of breath; phlegm; headache; wheezing;
cough) among workers grouped according to
quartiles of dust, endotoxin, or 3-OHFA expo-
sure (data not shown). Similarly, there were no
statistically significant differences in adjusted
geometric mean TWA dust, endotoxin, or 3-
OHFA exposures among participants with or
without a given symptom (data not shown).
The proportion of symptoms among those with
exposures above and below potential thresh-
olds of 300 EU/m3 or 2,400 EU/m3 also did not
differ (data not shown). In addition, there were

TABLE 2. Inhalable Dust, Endotoxin (rFC Assay), or 3-OHFA Personal Exposuresa by Facility

Facility
Dust 
(mg/m3)

Endotoxin
(EU/m3)

Total 3-OHFA 
(pmol/m3)

Even 3-OHFA 
(pmol/m3)

Odd 3-OHFA 
(pmol/m3)

Even/odd 
3-OHFA ratio

Grain elevator (n = 46) 5.6 (3.8)b,c 813 (7.9) 1787 (5.5) 1434 (5.8) 195 (3.5) 7.4 (3.9)b,c

Cattle feedlot (n = 55) 2.4 (2.1) 943 (7.1) 2370 (4.1) 1756 (4.2) 518 (3.8)d 3.4 (2.3)
Dairy (n = 15) 2.4 (1.9) 1357 (2.6) 1050 (2.7) 247 (3.1) 4.3 (2.1)
Corn farm (n = 9) 2.9 (3.6) 625 (4.5) 2265 (2.1) 1598 (2.2) 447 (3.4) 3.6 (3.5)

aGeometric mean (geometric standard deviation).
bSignificant at p ≤ .05 vs. feedlots.
cSignificant at p ≤ .05 vs. dairies.
dSignificant at p ≤ .05 vs. grain elevators.

TABLE 3. Correlations Among Inflammation Markers

PMN (cells/ml) MPO (ng/myl) IL-8 (pg/ml) Albumin (ng/ml) ECP (ng/ml)

PMN (cells/ml) 1.00 0.18 (.05) 0.27 (<.01) 0.30 (<.01) 0.52 (<.01)
MPO (ng/ml) — 1.00 0.08 (.38) 0.09 (.31) 0.44 (<.01)
IL-8 (pg/ml) — — 1.00 0.34 (<.01) 0.32 (<.01)
Albumin (ng/ml) — — — 1.00 0.36 (<.01)
ECP (ng/ml) — — — — 1.00

Note. Correlations given as Spearman rank correlation coefficients (p values in parentheses). PMN, polymorphonuclear neutrophils.
MPO, myeloperoxidase. IL, interleukin. ECP, eosinophilic cation protein.
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TABLE 4. Mean Inflammation Marker Levels by Population Characteristic (n = 125)

Characteristic PMN (cells/ml) MPO (ng/ml) IL-8  (pg/ml) Albumin (ng/ml) ECP (ng/ml)

Age group† (.62) (.05) (.19) (.39) (.25)
18–24 yr (n = 37) 446 30 245 6634 0.99
25–40 yr (n = 57) 545 40 181 4447 1.07
41–72 yr (n = 31) 665 55 200 6003 1.16

Race
Caucasian (n = 87) 536 50* 196 6843* 1.21
Native or Mexican American (n = 32) 503 28 204 3294 0.85

Ethnicity
Hispanic or Latino (n = 43) 491 27 204 3323 0.86
Not Hispanic or Latino (n = 73) 542 53* 189 6853* 1.22

Tobacco use
Never (n = 64) 620 47 199 6674 1.09
Former (n = 13) 1404 46 211 2736* 1.82
Current (n = 47): 347a 33 202 4978 0.91a

Daily cigarette/cigar smoker (n = 31) 219a,* 40 190 4505 0.89
Daily chew/snuff use only (n = 16) 846b,* 23 229 6041 0.95

Type of facility
Grain elevator (n = 46) 438 33 154 5110 0.93
Feedlot (n = 55) 528 50 221c 5715 1.11
Dairy (n = 15) 744 41 245c 5385 1.07
Farm (n = 9) 992 32 390c 6048 1.69

Hours worked week of participation† (.21) (.51) (.64) (.51) (.52)
<10 h (n = 31) 363 45 180 4182 0.79
11–24 h (n = 32) 657 49 221 7268 1.36*
25–40 h (n = 33) 801 29 199 4667 1.00
>40 h (n = 28) 476 42 214 6391 1.22

Job duration† (.65) (.86) (.38) (.35) (.28)
<1 yr 256 23 208 6503 0.85
1.0–3.9 yr 370* 38 226 5714 0.88
4.0–7.9 yr 994* 44 182 5526 1.18
≥8 yr 713 54* 189 4812 1.43d

Frequency of farm work† (.43) (.18) (.02) (.11) (.17)
None (n = 34) 435 38 149 3580 0.90
<1–10 months per year (n = 23) 454 25 220 7218* 0.81
12 months per year (n = 62) 559 49 225* 5978* 1.20

Duration of farm work† (.93) (.03) (.13) (.07) (.19)
None (n = 25) 571 28 143 3305 0.75
< 1 – 4.9 yr (n = 21) 269 31 218 5429 0.74
≥ 5 yr (n = 72) 675 52* 229* 6678* 1.36*

Frequency of grain elevator or corn storage work† (.49) (.31) (.09) (.04) (.56)
None (n = 42) 566 37 249 6755 1.03
<1–10 months per year (n = 39) 707 30 178 6023 1.17
12 months per year (n = 38) 377 55 173* 3824* 0.96

Duration of grain elevator or corn storage work† (.91) (.17) (.36) (.75) (.41)
None (n = 46) 683 36 266 5136 1.15
<1–4.9 yr (n = 37) 335 32 162* 6088 0.84
≥5 yr (n = 36) 688 53 172* 5107 1.24

Livestock kept at work site
No (n = 49) 476 35 153 5055 0.99
Yes (n = 75) 574 45 242* 5710 1.10

Home pesticide use within 1 month
No (n = 106) 554 35 211 5499 1.03
Yes (n = 17) 427 117* 151 5301 1.31

Nasal treatment with water or petroleum jelly
No (n = 118) 542 43 199 5426 1.04
Yes (n = 5) 734 40 419* 9210 2.07

Note. Significance indicated by *p ≤ .05 vs. referent group (first row appearing for each characteristic unless noted); †, p value for characteristic
as a continuous variable in parentheses; a, p ≤ .05 vs. former tobacco users; b, p ≤ .05 vs. current cigarette/cigar smoker; c, p ≤ .05 vs. workers in
grain elevators; d, p ≤ .05 vs. 1.0–3.9 yr group. Frequencies less than n = 125 are due to refusals or missing data. PMN, polymorphonuclear neu-
trophils. MPO, myeloperoxidase. IL, interleukin. ECP, eosinophilic cation protein.
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no differences in the frequency of respirator
use among the different exposure groups stud-
ied (data not shown). However, mean nasal
lavage PMN counts (1672 vs. 476 cells/ml),
ECP (2.55 vs. 0.97 ng/ml), or albumin concen-
trations (12,922 vs. 4978 ng/ml) were elevated
among those reporting post-shift headaches
compared to those without headaches. Mean
albumin levels were also higher among those
with excessive phlegm following their work shift
(7352 vs. 4711 pg/ml). Measurable increases in
mean lavage fluid ECP concentrations were
noted among participants with post-shift cough
(1.45 vs. 0.96 pg/ml).

Table 5 presents adjusted means of nasal
lavage fluid inflammation markers among
quartiles of personal TWA exposure to inhal-
able dust, endotoxin, or its 3-OHFA constitu-
ents. There were unexpected decreases in
PMN, MPO, and ECP levels (as continuous
variables) in response to increasing TWA inhal-
able dust exposures. When normalized to
either the total weight of dust sampled (EU/mg)
or the volume of air sampled (EU/m3), endotoxin
exposures were associated with statistically
significant increases in IL-8 concentrations.
However, there were no other statistically sig-
nificant changes in inflammatory markers in
response to the endotoxin measures (Table 5).
When endotoxin exposures were character-
ized using the sum of the 3-OHFA (pmol/mg),
there were statistically significant elevations in
PMN, MPO, and ECP with increasing 3-OHFA
exposure (Table 5). Some nasal lavage inflam-
mation markers were also elevated in response
to total 3-OHFA normalized to the air volume
sampled (pmol/m3), although only changes in
mean MPO attained statistical significance
(Table 5). The most robust increases in lavage
fluid inflammation markers were observed in
response to even-numbered carbon chain
length 3-OHFA. Workers in the upper quartile
of even-numbered 3-OHFA (pmol/mg) expo-
sures had adjusted mean PMN and MPO levels
that were approximately threefold greater and
mean albumin and ECP concentrations that
were more than double those observed among
workers in the lowest exposure quartile (Table 5).
Results obtained using the even-numbered

3-OHFA concentrations as continuous vari-
ables were consistent with results obtained
using exposure quartiles (Table 5). When odd-
numbered 3-OHFA were evaluated (either
pmol/m3 or pmol/mg), there were no statistically
significant changes in post-shift inflammation
marker levels (Table 5).

When study subjects within the total 3-
OHFA quartiles (pmol/m3) were further stratified
by other exposure variables from the question-
naire (current job duration; frequency or dura-
tion of work on farms or in grain elevators/corn
storage areas), the results tended to vary both
by the type of inflammation marker being evalu-
ated and by the stratification variable (Table 6).
An increased frequency or duration of work in
grain elevators or corn storage areas tended to
enhance the effects of 3-OHFA exposure on
PMN and MPO, whereas IL-8 and ECP con-
centrations were not altered significantly (Table 6).
Albumin concentrations were enhanced by a
shorter duration of work in grain elevators or
corn storage areas (Table 6). Workers with
fewer years of work on farms tended to have
elevated PMN, MPO, albumin, ECP, and to a
lesser extent IL-8 levels in response to 3-OHFA
exposures (Table 6). Stratification by median
job duration (4 yr) exerted a negligible impact
on the relationship between 3-OHFA expo-
sures and the inflammation markers studied
(data not shown). Adjusted mean inflammation
markers were also evaluated by facility, as well
as relationships between personal exposures
and inflammation markers with stratification by
facility. Albumin tended to be elevated among
workers in grain elevators, but no other note-
worthy differences were observed (data not
shown).

DISCUSSION

Exposure of agricultural workers to organic
dust has been associated with increased airway
inflammation, decrements in respiratory func-
tion, and debilitating respiratory diseases
including ODTS, rhinitis, asthma and asthma-
like syndrome, and chronic obstructive pulmo-
nary disease (Linaker & Smedley, 2002; Rush-
ton, 2007; Rylander, 2006; Seifert et al., 2003;
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TABLE 5. Inflammation Marker Levels by Inhalable Dust, Endotoxin (rFC Assay), or 3-OHFA Exposure

Inflammation 
marker

Exposure quartiles
1 vs. 4
 p value

1 vs. 4 
Difference

Continuous 
variable 
p value1 2 3 4

Dusta (mg/m3)

1 (2) 2 (1) 4 (1) 14 (2)

PMN (cells/ml) 797 632 480 366 .18 −54% .05
MPO (ng/ml) 57 41 43 21 .01 –63% .03
IL-8 (pg/ml) 144 270 190 214 .11 49% .13
Albumin (ng/ml) 4022 4418 8014 6334 .22 57% .77
ECP (ng/ml) 1.16 1.14 1.27 0.74 .18 –36% .06

Endotoxinb (EU/mg)

46 (2) 161 (1) 422 (1) 1679 (2)

PMN (cells/ml) 447 593 672 447 .99 0% .72
MPO (ng/ml) 39 25 65 37 .91 −5% .83
IL-8 (pg/ml) 145 177 258 228 .05 63% .01
Albumin (ng/ml) 3137 3436 5491 5839 .06 86% .14
ECP (ng/ml) 0.81 1.17 1.29 0.90 .60 11% .49

Endotoxinc (EU/m3)

79 (2) 473 (2) 1870 (1) 9354 (2)

PMN (cells/ml) 657 432 638 614 .90 −6% .74
MPO (ng/ml) 57 59 71 63 .81 11% .77
IL-8 (pg/ml) 175 164 245 241 .18 38% .04
Albumin (ng/ml) 4008 3950 5429 5548 .34 38% .59
ECP (ng/ml) 1.35 1.46 0.92 1.36 .99 0% .66

Sum of all 3-OH fatty acidsd (pmol/mg)

137 (2) 374 (1) 904 (1) 3172 (2)

PMN (cells/ml) 359 317 808 849 .11 136% .01
MPO (ng/ml) 21 32 65 53 .01 152% .02
IL-8 (pg/ml) 216 145 191 255 .48 18% .35
Albumin (ng/ml) 4292 5480 5150 6721 .20 57% .31
ECP (ng/ml) 0.74 1.03 1.22 1.45 .03 96% .05

Sum of all 3-OH fatty acidse (pmol/m3)

335 (2) 1251 (1) 3236 (1) 13,325 (2)

PMN (cells/ml) 535 284 336 824 .39 54% .34
MPO (ng/ml) 21 28 38 50 .03 138% .06
IL-8 (pg/ml) 176 193 192 259 .11 47% .13
Albumin (ng/ml) 3445 5509 4724 6210 .08 80% .10
ECP (ng/ml) 1.09 0.67 0.77 1.42 .40 30% .31

Sum of even 3-OH fatty acidsf (pmol/mg)

103 (2) 297 (1) 737 (1) 2705 (2)

PMN (cells/ml) 299 602 461 992 .03 232% .02
MPO (ng/ml) 20 36 56 59 <.01 195% .01
IL-8 (pg/ml) 168 187 218 226 .21 34% .44
Albumin (ng/ml) 3350 6764 5412 6829 .04 104% .19
ECP (ng/ml) 0.72 1.25 0.98 1.57 .01 118% .03

(Continued )
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Spurzem et al., 2002). The mechanism under-
lying these disorders involves immune system
activation (Thorn, 2001), although the relative
contributions of specific work environments,
work-related behaviors, individual susceptibili-
ties, and different dust constituents remain to
be fully elucidated. Endotoxin and 3-OHFA
are components of a complex environment
that may be responsible for inflammatory
responses induced by agricultural dust expo-
sures. Heterogeneity in lipid A composition has
been associated with differences in bacterial
species and with variations in immunological
potency (Akira et al., 2006; Helander et al.,
1982; Miller et al., 2005). To our knowledge, this
was the first study to evaluate the relationship

between endotoxin’s 3-OHFA constituents in
agricultural dust and human nasal airway
inflammation. Results indicated that the
3-OHFA were associated with a two- to three-
fold increase in mean nasal lavage fluid PMN,
MPO, albumin, and ECP levels. Responses
associated with the 3-OHFA were greater than
those associated with another endotoxin mea-
sure (rFC) or with inhalable dust exposures.
These findings are consistent with other obser-
vations suggesting that the 3-OHFA may pro-
vide a more biologically relevant exposure
measure than previously described endotoxin
assays (Dehus et al., 2006). This study did not
evaluate respiratory disease outcomes, but
the results may have implications for the

TABLE 5. (Continued)

Inflammation 
marker

Exposure quartiles
1 vs. 4 
p value

1 vs. 4 
Difference

Continuous 
variable 
p value1 2 3 4

Sum of odd 3-OH fatty acidsg (pmol/mg)

17 (2) 66 (1) 156 (1) 553 (2)

PMN (cells/ml) 404 383 740 877 .24 117% .09
MPO (ng/ml) 33 23 34 54 .26 64% .48
IL-8 (pg/ml) 210 248 125 211 .99 1% .72
Albumin (ng/ml) 8781 5952 4287 4822 .15 –45% .20
ECP (ng/ml) 1.18 1.61 1.43 1.13 .90 –4% .97

Sum of even 3-OH fatty acidsh (pmol/m3)

246 (2) 1021 (1) 2600 (1) 12,681 (3)

PMN (cells/ml) 805 330 347 922 .79 15% .20
MPO (ng/ml) 34 32 38 67 .07 97% .16
IL-8 (pg/ml) 183 153 250 242 .21 32% .48
Albumin (ng/ml) 4210 6501 4801 6342 .23 51% .36
ECP (ng/ml) 1.51 0.63 1.13 1.44 .87 –5% .11

Sum of odd 3-OH fatty acidsi (pmol/m3)

66 (2) 163 (1) 488 (1) 1772 (2)

PMN (cells/ml) 1103 283 945 524 .19 −52% .59
MPO (ng/ml) 36 38 45 34 .84 −6% .85
IL-8 (pg/ml) 189 218 196 210 .66 11% .21
Albumin (ng/ml) 8978 4818 6177 5883 .25 −34% .44
ECP (ng/ml) 1.57 1.76 1.65 1.13 .32 −28% .93

Note. Exposure quartiles are given as geometric mean (geometric standard deviation). PMN, polymorphonuclear neutrophils. MPO,
myeloperoxidase. IL, interleukin. ECP, eosinophilic cation protein. Least squares means are presented with adjustment for: a, days per
year working in a grain elevator or corn storage bin, hours worked week of study; b, Spanish education, hours worked week of study,
months of farm work per year; c, Spanish education, job status, home pesticide use, hours worked week of study; d, months working in
grain elevator or corn storage bin; e -,hours worked week of study, English education, daily tobacco use; f, months working in grain ele-
vator or corn storage bin; g, livestock on farm, feeding livestock, job status, months working in grain elevator or corn storage bin; h, no
covariates identified; i, job status, livestock on farm, feeding of livestock, daily ibuprofen use.
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TABLE 6. Inflammation Marker Levels by 3-OHFA (pmol/m3) and Chronic Exposure Parameters

Inflammation 
Marker

Exposure quartiles

1 vs. 4
p value

1 vs. 4 
Difference

1 2 3 4

Sum of all 3-OH fatty acidsa (pmol/m3)

335 (2) 1251 (1) 3236 (1) 13,325 (2)

<3 mo per year working at grain elevator or corn storage area
PMN (cells/ml) 525 379 327 422 .78 −20%
MPO (ng/ml) 15 28 24 42 .09 180%
IL-8 (pg/ml) 169 225 258 254 .29 50%
Albumin (ng/ml) 5270 6028 5944 9204 .29 75%
ECP (ng/ml) 1.50 0.67 0.95 1.20 .64 −20%

≥3 mo per year working at grain elevator or corn storage area
PMN (cells/ml) 519 158 365 1225 .18 136%
MPO (ng/ml) 24 23 38 56 .06 133%
IL-8 (pg/ml) 169 129 129 262 .14 55%
Albumin (ng/ml) 2670 5216 3702 4871 .15 82%
ECP (ng/ml) 0.91 0.53 0.58 1.59 .13 75%

<2 yr working at grain elevator or corn storage area
PMN (cells/ml) 463 317 590 566 .80 22%
MPO (ng/ml) 29 27 31 34 .78 17%
IL-8 (pg/ml) 224 211 242 257 .72 15%
Albumin (ng/ml) 2534 5821 7467 8374 .02 230%
ECP (ng/ml) 1.52 0.79 0.86 1.23 .67 −19%

≥2 yr working at grain elevator or corn storage area
PMN (cells/ml) 529 221 181 1,162 .24 120%
MPO (ng/ml) 17 26 29 75 <.01 341%
IL-8 (pg/ml) 147 150 136 261 .07 78%
Albumin (ng/ml) 3609 4332 2689 4549 .59 26%
ECP (ng/ml) 0.89 0.48 0.62 1.64 .12 84%

<12 mo per year working on a farm
PMN (cells/ml) 463 326 282 1471 .09 218%
MPO (ng/ml) 17 21 32 63 .02 271%
IL-8 (pg/ml) 155 155 188 267 .11 72%
Albumin (ng/ml) 2266 7978 5051 5544 .05 145%
ECP (ng/ml) 0.78 0.66 0.57 1.80 .04 131%

≥12 mo per year working on a farm
PMN (cells/ml) 598 250 425 454 .73 –24%
MPO (ng/ml) 32 39 49 38 .80 19%
IL-8 (pg/ml) 238 229 206 245 .94 3%
Albumin (ng/ml) 6202 4490 4513 6717 .88 8%
ECP (ng/ml) 2.12 0.65 1.10 1.12 .15 –47%

<10 yr working on a farm
PMN (cells/ml) 536 393 305 2695† .03 403%
MPO (ng/ml) 18 21 27 39 .14 117%
IL-8 (pg/ml) 190 171 178 286 .26 51%
Albumin (ng/ml) 2562 6787 5982 7300 .04 185%
ECP (ng/ml) 0.78 0.72 0.72 1.91 .06 145%

≥10 yr working on a farm
PMN (cells/ml) 653 206 437 351 .39 –46%
MPO (ng/ml) 36 33 61 44 .73 22%
IL-8 (pg/ml) 185 241 221 233 .52 26%
Albumin (ng/ml) 5858 4302 3607 5480 .89 –6%
ECP (ng/ml) 1.85 0.59 0.94 1.14 .28 –38%

Note. Exposure quartiles are given as geometric mean (geometric standard deviation). Significant difference indicated by †, p ≤ .05 for
comparison of upper quartiles. Least squares means are presented with adjustment for: hours worked week of study, English education,
daily tobacco use. PMN, polymorphonuclear neutrophils. MPO, myeloperoxidase. IL, interleukin. ECP, eosinophilic cation protein.
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development of respiratory disease preven-
tion strategies among agricultural workers.
Even-numbered carbon chain length 3-OHFA
were associated with a robust response,
whereas odd-numbered 3-OHFA were not
associated with notable changes in nasal lavage
fluid inflammation markers. This suggests that
the odd-numbered 3-OHFA may be less
potent, possibly due to differences in their
binding properties and their affinity to 3-OHFA
(Toll-like) receptors. More research is required
to evaluate this possibility (Broad et al., 2006;
Gutsmann et al., 2007). Studies in experimen-
tal systems indicate that 3-OHFA molecules 12
to 14 carbons in length elicit the most potent
immunological effects (Dehus et al., 2006).

In general, our findings are consistent with
previous studies that documented enhanced
PMN recruitment (Sigsgaard et al., 2000) and
elevated IL-8 (Sigsgaard et al., 2000), MPO
(Heldal et al., 2003), and albumin (Sigsgaard et
al., 2000) in nasal lavage fluids from subjects
exposed to endotoxin in agricultural or other
work environments, or in controlled laboratory
settings. Neutrophil infiltration is an established
response to nasal irritation by agents such as
endotoxin and is mediated via the chemoat-
tractant IL-8 (Kobayashi, 2008). The effects of
PMN are carried out in part through the
release of the pro-oxidant enzyme MPO
(Kobayashi, 2008; Thorn, 2001). ECP is a
mediator of allergic inflammation that is ele-
vated in human sputum following endotoxin
exposure (Michel et al., 1997; Thorn &
Rylander, 1998). It is not possible to fully assess
the contribution of allergic rhinitis to the
endotoxin responses observed in the present
data. ECP, while found in high concentrations
in eosinophil granules, has also been charac-
terized in neutrophils (Monteseirin et al.,
2007). The low eosinophil cell content in this
study’s nasal lavage samples suggests that acute
allergic rhinitis was not a major contributor to
the observed nasal inflammation.

Because the study population represented
a convenience sample, bias could have been
introduced if nonparticipants differed from
participants in a manner that influenced the
exposure-response relationships that were

evaluated. Potential reasons for nonparticipa-
tion likely varied from simple inconvenience to
potential exposure-related issues. Exposures
among our study participants were clearly ele-
vated. The inhalable dust guideline was
exceeded among approximately 33% of partic-
ipants, and the suggested endotoxin exposure
limit was exceeded among 93% of the partici-
pants. In addition, the prevalence of symptoms
and distribution of work duration in the study
population were reasonably consistent with
other published studies. Because exposures
were robust and since statistically significant
results were observed, even after adjusting for
potential confounding, the possibility of false
negative results seems unlikely. Nasal lavage
provided for nonsubjective identification of
individuals with nasal inflammation. However,
this is a dynamic process and it is not possible
to control for all explanatory factors in a work-
place setting. These uncertainties therefore
limit to some degree the interpretation or rep-
resentativeness of the results.

Some inconsistencies between our results
and the existing literature are also noteworthy.
Despite previous reports of prevalent respira-
tory symptoms among agricultural workers
(approximately 23–50%) (Linaker & Smedley,
2002), post-shift symptoms in this study were
not changed among participants with
increased dust, endotoxin, or 3-OHFA expo-
sures. This may have been due to the lack of a
completely unexposed comparison group or to
a healthy worker effect. Further, some partici-
pants may have already developed tolerance
to the acute effects of organic dusts, and expo-
sure monitoring over a single work shift may
not have captured the critical exposure interval
(Broad et al., 2006; Dosman et al., 2006). A
lack of symptoms among endotoxin-exposed
workers was also noted by other investigators
(Krajewski et al., 2004; Laitinen et al., 2001).
For example, there was no association between
total 3-OHFA and respiratory symptom preva-
lence among 77 workers in various settings
including slaughterhouses, grain/vegetable stor-
age, or the animal feed industry, although
some symptoms were increased in response to
specific 3-OHFA exposures, primarily C14:0
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(Laitinen et al., 2001). In our study, certain
inflammation markers (PMN, albumin, ECP)
were elevated among those with headaches,
phlegm, or cough, suggesting that measure-
ment of nasal airway inflammation may be
more sensitive to the acute effects of endot-
oxin than self-reported symptoms.

Personal exposure to inhalable dust was
associated with an unexpected decrease in
nasal lavage fluid PMN and MPO. This obser-
vation may have been influenced by the devel-
opment of tolerance among participants, or
may have been due to the presence of an
unmeasured inhibitory substance in the sam-
pled particulate matter. There were also some
inconsistencies between results obtained using
the endotoxin rFC assay or 3-OHFA measures
normalized to the air volume sampled as
opposed to the mass of dust collected. Peak
exposure events were not captured by the
TWA measures, but may have played a role in
these inconsistencies. Further, it may be that
endotoxin or 3-OHFA within agricultural dust
does not elicit a biological response until a
threshold concentration is reached within the
dust. Results in Table 2 indicate that endotoxin
or 3-OHFA concentrations in dust (airborne
endotoxin or 3-OHFA divided by airborne
dust) were greatest in feedlot samples. Approx-
imately 60–70% of participants in the upper
quartile of exposure to endotoxin or 3-OHFA
concentrations in dust were located in feed-
lots, and about 20% in this group worked in
grain elevators. Although it was not possible to
separately evaluate each type of facility due to
sparse data, the results suggest that feedlots or
other areas with elevated 3-OHFA concentra-
tions in dust are more strongly associated with
nasal inflammation. Variation in other unmea-
sured, pro-inflammatory substances (e.g., glu-
cans, fungi, muramic acid, gram-positive
bacteria, transitional metals, silica, diesel
exhaust particulates, pesticides, antibiotics) in
dust from the various work sites may have also
contributed to the variable responses that were
observed. Differences in the rank ordering of
mean dust, endotoxin, and 3-OHFA levels
among the facilities measured in this study sup-
port this possibility (Table 2). Note that corn

farmers encountered the lowest mean
endotoxin (rFC) levels but had some of the
highest 3-OHFA exposures.

To evaluate the extent to which endotoxin
tolerance may have played a role in this study,
analyses were performed in which the relation-
ship between personal endotoxin exposure
and inflammation markers was evaluated
among workers grouped according to ques-
tionnaire items potentially linked with chronic
organic dust exposure (work duration, or time
spent in grain elevators or on farms). Although
there was a broad range of work duration
among participants in this study (1 to 48 yr), it
did not strongly modify responses associated
with 3-OHFA exposure. However, participants
with a shorter frequency or duration of farm
work tended to have elevated levels of lavage
fluid PMN, IL-8, albumin, and MPO in
response to 3-OHFA exposures. These findings
suggest that workers with less work experience
on farms were more responsive to the acute
effects of endotoxin on nasal inflammation
compared to those with more farm experience.
Extended farm work exposures may therefore
confer a degree of tolerance to endotoxin’s
effects, consistent with other studies (Broad
et al., 2006; Von Essen & Romberger, 2003).
Alternatively, there may have been self-
selection or a healthy worker effect in which
more experienced workers represented a more
phenotypically resistant population. A similar
tendency was noted for albumin concentrations
among those with less work experience in grain
elevators or corn storage areas, whereas other
measures of nasal inflammation in response to
3-OHFA were either enhanced (PMN, MPO) or
unaffected (IL-8, ECP) by this type of work. The
findings highlight the complex nature of airway
inflammation in response to multiple reactive
agents among individuals with varying degrees
of susceptibility in different agricultural settings.
Results from this analysis suggest that the devel-
opment of endotoxin tolerance may vary due
to differences in the responsiveness of inflam-
matory mediators to agricultural particulates, to
variations in work duration, or to differences in
the composition of agricultural dusts among
work sites.
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CONCLUSIONS

In summary, this study quantified personal
work-shift exposures to inhalable dust, endot-
oxin, and its 3-OHFA constituents among
workers in several agricultural settings. Expo-
sures were compared to biomarkers of inflam-
mation in post-work-shift nasal lavage fluids.
The cross-sectional nature of this study did not
allow for causal associations between 3-OHFA
exposures and adverse respiratory outcomes to
be evaluated. Nonetheless, elevated concen-
trations of 3-OHFA in workplace ambient
particulate matter were associated with robust,
statistically significant increases in nasal airway
inflammation, indicating that these agents may
serve as important indicators of the biological
potency of airborne agricultural dust. This was
the first study to evaluate the relationship
between endotoxin’s 3-OHFA constituents in
agricultural dust and nasal airway inflammation.
Additional research is needed to characterize
the extent to which these agents may impair
pulmonary function or contribute to respira-
tory disease among agricultural workers.

REFERENCES

Akira, S., Uematsu, S., and Takeuchi, O. 2006.
Pathogen recognition and innate immunity.
Cell Adhes. Commun. 124:783–801.

Alwis, K. U., and Milton, D. K. 2006. Recombi-
nant factor C assay for measuring endotoxin in
house dust: Comparison with LAL, and (1–3)-
b-D-glucans. Am. J. Ind. Med. 49:296–300.

American Conference of Governmental Indus-
trial Hygienists.2007. Threshold limit values
and biological exposure indices. Cincinnati,
OH: American Conference of Governmental
Industrial Hygienists.

Bakirci, N., Kalaca, S., Fletcher, A. M., Pickering,
C. A., Tumerdem, N., Cali, S., Oldham, L.,
Francis, H., and Niven, R. M. 2006. Predic-
tors of early leaving from the cotton spinning
mill environment in newly hired workers.
Occup. Environ. Med. 63:126–130.

Broad, A., Jones, D. E., and Kirby, J. A. 2006.
Toll-like receptor (TLR) response tolerance:
A key physiological “damage limitation”

effect and an important potential opportu-
nity for therapy. Curr. Med. Chem. 13:
2487–2502.

Castellan, R. M., Olenchock, S. A., Kinsley, K.
B., and Hankinson, J. L. 1987. Inhaled
endotoxin and decreased spirometric values.
An exposure-response relation for cotton
dust. N. Engl. J. Med. 317:605–610.

Dehus, O., Hartung, T., and Hermann, C. 2006.
Endotoxin evaluation of eleven lipopolysac-
charides by whole blood assay does not
always correlate with Limulus amebocyte
lysate assay. J. Endotoxin Res. 12:171–180.

Donham, K. J., Cumro, D., and Reynolds, S. J.
2002. Synergistic effects of dust and ammo-
nia on the occupational health effects of
poultry production workers. J. Agromed.
8:57–76.

Donham, K. J., Cumro, D., Reynolds, S. J., and
Merchant, J. A. 2000. Dose-response rela-
tionships between occupational aerosol
exposures and cross-shift declines of lung
function in poultry workers: Recommenda-
tions for exposure limits. J. Occup. Environ.
Med. 42:260–269.

Donham, K. J., Reynolds, S. J., Whitten, P.,
Merchant, J. A., Burmeister, L., and Popen-
dorf, W. J. 1995. Respiratory dysfunction in
swine production facility workers: Dose-
response relationships of environmental
exposures and pulmonary function. Am. J.
Ind. Med. 27:405–418.

Dosman, J. A., Fukushima, Y., Senthilselvan,
A., Kirychuk, S. P., Lawson, J. A., Pahwa, P.,
Cormier, Y., Hurst, T., Barber, E. M., and
Rhodes, C. S. 2006. Respiratory response to
endotoxin and dust predicts evidence of
inflammatory response in volunteers in a
swine barn. Am. J. Ind. Med. 49:761–766.

Ferris, B. G. 1978. Epidemiology standardiza-
tion project (American Thoracic Society).
Am. Rev. Respir. Dis. 118:1–120.

Gaughan, D. M., Cox-Ganser, J. M., Enright,
P. L., Castellan, R. M., Wagner, G. R.,
Hobbs, G. R., Bledsoe, T. A., Siegel, P. D.,
Kreiss, K., and Weissman, D. N. 2008. Acute
upper and lower respiratory effects in wild-
land firefighters. J. Occup. Environ. Med.
50:1019–1028.



ENDOTOXIN EXPOSURE AND INFLAMMATION MARKERS 21

Gutsmann, T., Schromm, A. B., and Branden-
burg, K. 2007. The physicochemistry of
endotoxins in relation to bioactivity. Int. J.
Med. Microbiol. 297:341–352.

Hauser, R., Garcia-Closas, M., Kelsey, K. T.,
and Christiani, D. C. 1994. Variability of
nasal lavage polymorphonuclear leukocyte
counts in unexposed subjects: Its potential
utility for epidemiology. Arch. Environ.
Health 49:267–272.

Heederik, D., and Douwes, J. 1997. Towards
an occupational exposure limit for endotox-
ins? Ann. Agric. Environ. Med 4:17–19.

Helander, I., Saxen, H., Salkinoja-Salonen, M. S.,
and Rylander, R. 1982. Pulmonary toxicity of
endotoxins: Comparison of lipopolysaccha-
rides from various bacterial species. Infect.
Immun. 35:528–532.

Heldal, K. K., Halstensen, A. S., Thorn, J.,
Djupesland, P., Wouters, I., Eduard, W., and
Halstensen, T. S. 2003. Upper airway inflam-
mation in waste handlers exposed to bioaero-
sols. Occup. Environ. Med. 60: 444–450.

Hoffmann, H. J., Iversen, M., Sigsgaard, T.,
Omland, O., Takai, H., Bonefeld-Jørgensen,
E., Seedorf, J., and Dahl, R. 2005. A single
exposure to organic dust of non-naïve non-
exposed volunteers induces long-lasting
symptoms of endotoxin tolerance. Int. Arch.
Allergy Immunol. 138:121–126.

Kline, J. N., Cowden, J. D., Hunninghake, G.
W., Schutte, B. C., Watt, J. L., Wohlford-
Lenane, C. L., Powers, L. S., Jones, M. P., and
Schwartz, D. A. 1999. Variable airway
responsiveness to inhaled lipopolysaccharide.
Am. J. Respir. Crit. Care Med. 160:297–303.

Kobayashi, Y. 2008. The role of chemokines in
neutrophil biology. Front. Biosci. 13:2400–
2407.

Krajewski, J. A., Cyprowski, M., Szymczak, W.,
and Gruchala, J. 2004. Health complaints
from workplace exposure to bioaerosols: A
questionnaire study in sewage workers. Ann.
Agric. Environ. Med. 11:199–204.

Laitinen, S., Kangas, J., Husman, K., and
Susitaival, P. 2001. Evaluation of exposure
to airborne bacterial endotoxins and pepti-
doglycans in selected work environments.
Ann. Agric. Environ. Med. 8:213–219.

Larsson, L. 1994. Determination of microbial
chemical markers by gas chromatography–
mass spectrometry—Potential for diagnosis
and studies on metabolism in situ. Acta Pathol.
Microbiol. Immunol. Scand. 102:161–169.

Linaker, C., and Smedley, J. 2002. Respiratory
illness in agricultural workers. Occup. Med.
(Lond.) 52:451–459.

Mac Dougall, D., and Crummett, W. B. 1980.
Guidelines for data acquisition and data
quality evaluation in environmental chemis-
try. Anal. Chem. 52:2242–2249.

Mayeux, P. R. 1997. Pathobiology of lipo-
polysaccharide. J. Toxicol. Environ. Health
51:415–435.

Michel, O., Nagy, A. M., Schroeven, M.,
Duchateau, J., Nève, J., Fondu, P., and
Sergysels, R. 1997. Dose-response relationship
to inhaled endotoxin in normal subjects. Am. J.
Respir. Crit. Care Med. 156:1157–1164.

Miller, S. I., Ernst, R. K., and Bader, M. W.
2005. LPS, TLR4 and infectious disease
diversity. Nat. Rev. Microbiol 3:36–46.

Monteseirin, J., Vega, A., Chacón, P., Camacho,
M. J., El Bekay, R., Asturias, J. A., Martínez,
A., Guardia, P., Pérez-Cano, R., and Conde,
J. 2007. Neutrophils as a novel source of
eosinophil cationic protein in IgE-mediated
processes. J. Immunol. 179:2634–2641.

Naclerio, R. M., Meier, H. L., Adkinson, N. F.,
Kagey-Sobotka, A., Meyers, D. A., Norman,
P. S., and Lichtenstein, L. M. 1983. In vivo
demonstration of inflammatory mediator
release following nasal challenge with antigen.
Eur. J. Respir. Dis. Suppl. 128:26–32.

Pomorska, D., Larsson, L., Skórska, C.,
Sitkowska, J., and Dutkiewicz, J. 2007. Lev-
els of bacterial endotoxin in air of animal
houses determined with the use of gas chro-
matography–mass spectrometry and Limulus
test. Ann. Agric. Environ. Med. 14:291–298.

Post, W., Heederik, D., and Houba, R. 1998.
Decline in lung function related to exposure
and selection processes among workers in
the grain processing and animal feed indus-
try. Occup. Environ. Med. 55:349–355.

Reynolds, S. J., Donham, K. J., Whitten, P.,
Merchant, J. A., Burmeister, L. F., and Popen-
dorf, W. J. 1996. Longitudinal evaluation of



22 J. B. BURCH ET AL.

dose-response relationships for environmen-
tal exposures and pulmonary function in
swine production workers. Am. J. Ind. Med.
29:33–40.

Reynolds, S. J., Milton, D. K., Heederik, D.,
Thorne, P. S., Donham, K. J., Croteau, E. A.,
Kelly, K. M., Douwes, J., Lewis, D.,
Whitmer, M., Connaughton, I., Koch, S.,
Malmberg, P., Larsson, B. M., Deddens, J.,
Saraf, A., and Larsson, L. 2005. Interlaboratory
evaluation of endotoxin analyses in agricultural
dusts-comparison of LAL assay and mass spec-
trometry. J. Environ. Monit. 7:1371–1377.

Reynolds, S. J., Nakatsu, J., Tillery, M., Keefe, T.,
Mehaffy, J., Thorne, P. S., Donham, K. J., Non-
neman, M., Golla, V., and O’Shaughnessy, P.
2009. Field and wind tunnel comparison of
four aerosol samplers using agricultural dusts.
Ann. Occup. Hyg. doi:10.1093/annhyg/
mep021. http://annhyg.oxfordjournals.org.

Rushton, L. 2007. Occupational causes of
chronic obstructive pulmonary disease. Rev.
Environ. Health 22:195–212.

Rylander, R. 1997. Evaluation of the risks of
endotoxin exposures. Int. J. Occup. Environ.
Health 3:S32–S36.

Rylander, R. 2006. Endotoxin and occupa-
tional airway disease. Curr Opin Allergy Clin
Immunol 6:62–66.

Rylander, R., Peterson, Y., and Donham, K. J.
1990. Questionnaire evaluating organic dust
exposure. Am. J. Ind. Med. 17:121–126.

Saito, R., Cranmer, B. K., Tessari, J. D., Larsson,
L., and Reynolds, S. J. 2009. Recombinant
Factor C (rFC) assay and gas chromatography/
mass spectrometry (GC/MS) analysis of endot-
oxins in four agricultural dusts. Ann. Occup.
Hyg. Available at http://annhyg.oxfordjour-
nals.org. DOI: 10.1093/annhyglmep052.

Saraf, A., and Larsson, L. 1996. Use of gas
chromatography/ion-trap tandem mass
spectrometry for the determination of chem-
ical markers of microorganisms in organic
dust. J. Mass Spectrom. 31:389–396.

Saraf, A., Larsson, L., Burge, H., and Milton, D.
K. 1997. Quantification of ergosterol and 3-
hydroxy fatty acids in settled house dust by
gas chromatography–mass spectrometry:
Comparison with fungal culture and deter-

mination of endotoxin by a Limulus ameb-
ocyte lysate assay. Appl. Environ. Microbiol.
63:2554–2559.

Saraf, A., Park, J.-H., Milton, D. K., and
Larsson, L. 1999. Use of quadrupole GC-MS
and ion trap GC-MS-MS for determining 3-
hydroxy fatty acids in settled house dust:
Relation to endotoxin activity. J. Environ.
Monit. 1:163–168.

Schwartz, D. A. 2002. TLR4 and LPS hypore-
sponsiveness in humans. Int. J. Hyg. Environ.
Health 205:221–227.

Sebastian, A., and Larsson, L. 2003. Character-
ization of the microbial community in
indoor environments: A chemical-analytical
approach. Appl. Environ. Microbiol. 69:
3103–3109.

Seifert, S. A., Von Essen, S., Jacobitz, K.,
Crouch, R., and Lintner, C. P. 2003. Organic
dust toxic syndrome: A review. J. Toxicol.
Clin. Toxicol. 41:185–193.

Sigsgaard, T., Bonefeld-Jørgensen, E. C.,
Kjaergaard, S. K., Mamas, S., and Pedersen,
O. F. 2000. Cytokine release from the nasal
mucosa and whole blood after experimental
exposures to organic dusts. Eur. Respir. J.
16:140–145.

Spurzem, J. R., Romberger, D. J., and Von
Essen, S. G. 2002. Agricultural lung disease.
Clin Chest Med 23:795–810.

Thorn, J., and Rylander, R. 1998. Inflammatory
response after inhalation of bacterial endot-
oxin assessed by the induced sputum tech-
nique. Thorax 53:1047–1052.

Thorne, P. S. 2001. The inflammatory response
in humans after inhalation of bacterial endot-
oxin: A review. Inflamm. Res. 50:254–261.

Von Essen, S., and Romberger, D. J. 2003. The
respiratory inflammatory response to the
swine confinement building environment:
The adaptation to respiratory exposures in
the chronically exposed worker. J. Agric.
Safety Health 9:185–196.

Woodin, M. A., Hauser, R., Liu, Y., Smith, T. J.,
Siegel, P. D., Lewis, D. M., Tollerud, D. J.,
and Christiani, D. C. 1998. Molecular mark-
ers of acute upper airway inflammation in
workers exposed to fuel-oil ash. Am. J. Respir.
Crit. Care Med. 158:182–187.


